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Abstract

Space charge effects generally play a rather minor role
in high energy machines like the SPS. Rather high space
charge tune shifts may however become unavoidable in the
SPS for the heavy ion beams required by the LHC. We de-
scribe recent measurements performed with intense proton
beams in the SPS. The space charge effects were enhanced
by a reduction of the injection energy from 26 to 14 GeV.

1 INTRODUCTION

Space charge effects are strongly energy dependent (∼
1/γ3). High space charge tune shifts in access of 0.5
have have been observed in smaller machines [1–3]. Such
high space charge tune shifts are typically accompanied by
blow-up and short lifetimes, well below a second.

In larger, high energy machines like the SPS, space
charge effects usually play a rather minor role. Space
charge tune shifts in the SPS generally remain well be-
low 0.1 and do not cause any lifetime problems or blow-
up [4,5]. For the LHC heavy ion program, it is planned to
inject lead ions into the SPS atγ ≈ 5.5− 7.3 [6,7]. Space
charge tune shifts above 0.1 may become unavoidable. In
addition, good lifetimes and little blow-up during the about
40 seconds long injection plateau will be important. The re-
quired heavy ion beams will only become available in sev-
eral years from now after an upgrade of the injector chain.

We describe here an investigation performed with high
intensity proton beams. To enhance space charge effects,
the injection energy in the SPS was lowered from 26 GeV
to 14 GeV.

2 SPACE CHARGE TUNE SHIFT

We used the maximum single bunch intensity currently
available from the PS for low emittance single bunch op-
eration ofN = 1.2 × 1011 protons. The relevant beam
parameters are summarized in Table 1. Beam dimensions
and the momentum spread are given in terms of singleσ
r.m.s values.

Table 1: Measured beam parameters.
Proton momentum 14 GeV/c
Initial proton intensity N = 1.2 × 1011

Relative momentum spreadσ∆p/p = 1.9 × 10−3

Normalized emittances εx,N = 3.43 µm
εy,N = 3.75 µm

Bunch length σt = 0.75 ns

The emittances were obtained from transverse profile
measurements using a wire scanner (WS51995 in the SPS

in a place without dispersion). The measurements gener-
ally showed approximately Gaussian beams and no signif-
icant blow-up over time scales of about a second. Bunch
lengths were measured using a longitudinal pickup and a
digital oscilloscope.

The beam dimensions inx, y around the ring were cal-
culated from

σx,y =
√

εx,y βx,y + (Dx,y σ∆p/p)2 . (1)

whereβx,y and Dx,y are the beta-functions and disper-
sions. Geometrical emittancesεx,y and normalized emit-
tances are related by

ε = εN / (βγ) .

The incoherent space charge tune shift parameters∆Qx,y

are calculated according to

∆Qx = − rc

2π β2γ3

N√
2π σz

∫ L

0

βx

σx(σx + σy)
ds

(2)

∆Qy = − rc

2π β2γ3

N√
2π σz

∫ L

0

βy

σy(σx + σy)
ds

by numerical integration around the ring using nominal val-
ues of theβ functions and dispersion (here on averageβx =
41.5 m, βy = 41.6 m, σx = 3.48 mm,σy = 1.9 mm). rc is
the classical proton radius andσz the bunch length.

With the (measured) beam parameters of Table 1, we ob-
tain for the conditions of the experiments described here
the rather substantial space charge tune shifts of

∆Qx = −0.14
∆Qy = −0.18 .

It is likely that the beam sizes obtained from the wire scan-
ner were overestimated by 30% (due to a problem in the
low level software of the instrument). This would imply
even 30% larger tune shifts.

3 LIFETIME DEPENDENCE ON TUNE

We performed scans in the vertical and horizontal tune
and observed the decay of the proton intensity over times of
up to 10 seconds from injection. For the vertical tune scan,
the horizontal tune was kept at a fixed value ofQx = 0.2†.
For the horizontal scan, the vertical tune was kept atQy =
0.234. Chromaticities were set to small negative values in
both planes (14 GeV is below the transition,γtr ≈ 23.2).

†we refer to the non-integer part; integer tunes are 26 in both planes



-30000

-20000

-10000

0

10000

20000

30000

time (turn)

A
m

pl
itu

de

0

10000

20000

30000

40000

50000

60000

70000

80000

A
m

pl
itu

de
 

0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34

PeakAmp   PeakPos   Diff

8E+04        0.24626     0.00000

2.2E+04     0.25583     0.00957

9.4E+03     0.23927    -0.00699

200 400 600 800 10000

Qy

Figure 1: Example of a tune measurement, hereQy =
0.2462, which gave a good lifetime. The beam was kicked
3 s after injection at an intensity of1.1×1011 protons. Ver-
tical centre of gravity oscillations recorded by the tune me-
ter are shown on top and the spectrum after fast Fourier
transform (FFT) on the bottom.

An example of a tune measurement is shown in Fig. 1.
The tune meter records the coherent (centre of gravity) mo-
tion of the bunch. To first order, the central tune value
obtained is not effected by the substantial internal space
charge tune spread.

Intensities as function of time over the first 10 s from
injection are shown in Figures 2 and 3 for various tunes.
Losses of less than 10% over 10 s corresponding to over
100 s lifetime were observed for “good” tune settings. The
observed decay however, particularly for the “poor” tune
settings, is not always exponential. Transitions between
slow decay and rapid losses and nearly linear decay were
also observed.

Rather than using lifetime, we are now going to present
the same data in terms of transmission (ratio of final over
initial intensity) over 10 s as a measure of stability. The
results as function of tune are shown in Figures 4 and 5.
Stability is poor for low (< 0.2) and very high (> 0.4)
vertical tunes. There is more freedom in the choice of the
horizontal tunes (as expected due to the lower space charge
tune spread in this plane). Poor stability in the horizontal
plane was observed for very low (< 0.1) tunes.

0

2

4

6

8

10

12

0 1 2 3 4 5 6 7 8 9 10

0 500 1000 1500 2000 2500 3000 3500 4000x 10
2

time in seconds

nu
m

be
r 

of
 p

ro
to

ns
 in

 1
010

turns

Qy = 0.246

Qy = 0.081

Qy = 0.104

Qy = 0.127Qy = 0.71

Qy = 0.71

Qy = 0.449

for fixed Qx = 0.205

Figure 2: Single bunch intensities in the SPS over 10 s from
injection for various vertical tunesQy and a fixedQx =
0.2.
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Figure 3: Single bunch intensities in the SPS over 10 s from
injection for various horizontal tunesQx and a fixedQy =
0.234.

4 TESTS WITH OCTUPOLES

The measurements reported so far were obtained for a
rather linear machine. This was verified by measurements
of detuning with kick amplitude.

It is known that octupoles improve the stability under
certain conditions [8]. The last hour of available beam
time was used for a first quick test on the effect of the two
octupole families (“vertical and radial“) on the stability in
the presence of space charge. Losses increased whenever
the octupoles were run at strong negative excitation which
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Figure 4: Results of the vertical tune scan in terms of trans-
mission over 10 s.
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Figure 5: Results of the horizontal tune scan in terms of
transmission over 10 s.

corresponds to positive detuning with amplitude. Positive
radial settings had no visible effect. Strong positive ver-
tical octupole excitation (“settings of +6 or better +11“)
appeared to improve the stability. Using these settings, we
were able to reduce the bunch length (by an increase of the
rf-voltage from 1.5 to 5 MV) without major losses.

5 SUMMARY AND OUTLOOK

Studies with high intensity single bunch proton beams
injected at 14 GeV allowed a first investigation in the SPS

of the behaviour of beams at space charge tune shifts of
0.14 to 0.18. Good stability with lifetimes of over 100 s
were observed over a rather broad range of tunes. This
is encouraging and leaves some margin for an overall opti-
mization of beam parameters in the injector chain for heavy
ion operation of the LHC. Further measurements including
systematic studies with octupoles are foreseen.
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